ABSTRACT
Introduction

2
Annual global pig production is approximately 1.2 billion heads, with more than half produced in 3 China (USDA, 2016) . Grains are the main feedstuff of the pig industry; however, its production 4 capacity in China and many other countries is insufficient. For example, China imported 254.08 5 million metric tons of soybean and 59.28 million metric tons of coarse grain between 2014 and 6 2016 for pig production. This accounts for 63.3% and 11.2% of the annual global Imports volume, 7 respectively (USDA, 2017). The livestock industry often allows animals to achieve maximal growth 8 in order to fully utilize their economic outputs, yet ineffective feed digestion can cause serious 9 nutrient emissions to the environment. Two nutrients that have received the most attention from 10 environmental groups are nitrogen (N) and phosphorus (P) and are often supplied in excessive 11 amounts in the diet for maximal growth. In pig production, only 1/3 of feed N and P is 12 metabolically utilized in cereal and soybean-based diets. The deposition rate of N is only 25%-32% finisher pig on a cereal-soybean meal-based diet. In total, 70% of ingested P is excreted either 20 through the feces or urine (Dourmad et al., 1999). The total P emission of a grower pig (weight 21 range: 0-108 kg) is 1.35 kg per year, accounting for 67.2% of the total P intake. A productive sow 22 emits 5.42 kg P per year, accounting for 77.7% of the total P intake (Dourmad et al., 1999) . The N 23 4 and P from animal excreta are the main pollutants of the water, soil, and air of intensive pig 24 production sites. Surface water becomes eutrophic when excessive P and N inputs, thereby 25 causing overgrowth of blue-green algae and death of aquatic animals (Jongbloed and Lenis, 1998; 26 Poulsen, 1998). Considering all these aspects, improving nutrient utilization in feed is of great 27 significance to maximize feed grain utilization as well as for environmental conservation. arabinoxylans and β-glucans are found in the cell walls of the protein-rich aleurone layer and 31 starchy endosperm and can act as barrier against nutrient hydrolysis and absorption (Stone, 1981) . 32 Similarly, the cell wall polysaccharides of soybean, canola seed, and peas may also be responsible 
Results
69
Optimization and construction of a 2A-mediated salivary gland-specific multi-transgene 70 Through characterization of multiple codon-optimized β-glucanase genes fused with the N-71 terminal porcine parotid secretory protein (PSP) signal peptide, we have determined that BG17A 72 and EG1314 exhibited optimal activity and stability in porcine cells, and the pH condition is 73 compatible to that of the pig digestive tract (Zhang et al., 2015) . We previously reported that the 74 fused BG17A and EG1314, which was linked by a self-cleaving 2A peptide, had a broader optimal 75 pH range and higher stability in an acidic environment than either of these alone (Zhang et al., 76 2015). After codon optimization and fusion with the pig PSP signal peptide, three xylanases (XYNB, 77 XYL11, and XYF63 (also known as XYN11F63) were transfected into PK15 cells and subjected to 78 enzymatic activity assay. Among the three xylanases, XYNB presented the highest enzymatic 79 activity (Supplemental figure 1A) and stability (Supplemental figure 1B) . In addition, XYNB 80 showed greater resistance to peptic and tryptic hydrolysis than the other two xylanases 81 (Supplemental figures 1C-E). As for the two phytases, Citrobacter freundii APPA (CAPPA) only had 82 two narrow peaks at the optimal pH levels of 2.5 and 5.0, respectively (Supplemental figure 2A) , 83 whereas Escherichia coli APPA (EAPPA) exhibited a broad optimal pH ranging from 1.5 to 5 84 (Supplemental figure 2B) . EAPPA was more tolerant of pepsin and trypsin than CAPPA. There was 85 almost no reduction in activity of EAPPA after a 2-h pepsin treatment, whereas 52.2% of the 86 biological activity was left after CAPPA treatment (Supplemental figure 2C ). When treated with 87 trypsin alone, EAPPA and CAPPA retained 98.2% and 39.7% of its activity, respectively; when 88 treated with trypsin + EDTA, EAPPA and CAPPA retained 31.8% and 13.7% of its activity, 
132
RT-PCR analysis indicated that the BgEgXyAp, bg17, eg1314, xynB, and eappA transgenes were 133 9 unambiguously expressed in the parotid, submandibular, and sublingual glands, whereas these 134 were undetectable in the other tissues of the TG founders such as the lungs, heart, liver, stomach, 135 spleen, kidney, duodenum, colon, and muscle ( Figure 2A ; Supplemental figure 1, 2, and 6).
136
Quantitative PCR analysis indicated that the highest BgEgXyAp transgene expression levels were 137 observed in the parotid gland, followed by the submandibular and sublingual glands, and trace or 138 undetectable level were observed in the other tissues of the TG founders (Supplemental figure 6). Figure 3A) . The fecal outputs of N and P, relative to input by feed, significantly decreased in the 178 TG pigs compared to that of the WT pigs ( Figure 3B ). Fecal N and P excretion decreased by 25% 179 and 46%, respectively, with the CS diet, and 23% and 35%, respectively, with the WCSB diet. A 180 significant reduction in total P and Ca (feces plus urine) was also observed in the TG pigs with both 181 diets. Almost all tested items of the TG pigs showed some improvement compared to that of the 182 WT(+) pigs that were fed the same diets supplemented with multi-enzyme preparations, although 183 the differences were not statistically significant among groups (Supplemental table 4 and 5).
184
The serum components of the TG pigs fed on an LNHP diet containing a low N level and high 185 proportion of phytates (78%) were analyzed (Supplemental Figure 4D ). Taken together, the TG pigs showed a 7.0%-7.6% higher ADFI than the WT pigs 206 over the same grower and finisher phases (30 kg to115 kg), but gained 23.0%-24.4% more body 207 weight (BW) daily than the WT pigs over the same grower and finisher phases (30 kg to 115 kg).
208
The time to reach 115 kg BW was shortened by 19.2%-21.9% (29.6 days to 35.1 days). The FCR 209 decreased by 11.5% -14.5% during the grower and finisher periods. This is the first report that describes the integration of multiple single-copy genes into the pig 218 genome. We obtained TG pigs by introducing the microbial genes bg17A, eg1314, xynB, and eappA, 219 which encode for endo-β-1,3-1,4-glucanase, endo-xylanase, and 6-phytase, respectively, into the 220 genome of pigs so that these could produce phytate-and NSP-degrading enzymes. These enzymes, The TG pigs demonstrated increased P retention and reduced percentages of manure P excretions 265 15 compared to age-matched WT pigs fed on the same diets, implying the significant digestive effect 266 of TG phytase. The P retention rate was 54.7%-67.3%, and reduction in total P output ranged from 267 21.29% to 44.21%. These results are slightly lower than that of previously reported TG phytase 268 pigs, which had P retention rates of 57.2%-77.8%, and total P output decreased by 27.5%-62.0% 
Statistical analyses
389
The data were analyzed using the GLM procedure (SAS Inst. Inc., Cary, NC, USA). For the apparent 390 total tract nutrient digestibility values, fecal nutrient output, and the growth performance, analysis 391 of covariance (ANCOVA) was used. The BW of the tested pigs at the start of the corresponding 392 experimental period was used as the covariable. Least square means were calculated and the 393 differences between means were tested using Turkey-Kramer adjustment for multiple 394 comparisons when appropriate. For salivary protein and saliva secretion by the parotid gland, one-395 way ANOVA followed by Duncan's multiple-comparison tests were used. For serum biochemical 396 endpoints and saliva enzymes secretion, an unpaired two-sample t-test (two-tailed) was used. The 397 21 level of significance was set at P < 0.05, and trends were discussed at P < 0.1. 
